It is shown, that instanton effects naturally produce quark confinement in MSSM QCD. The confinement scale, calculated from the first principles, is in a good agreement with the experimental data. The proposed explanation is quite different from the dual Higgs mechanism.
Introduction
The confinement of quarks is a very important and long standing problem of the quantum field theory. Up to now this problem remains unsolved. However, the phenomenon of confinement is guessed to be a consequence of nonperturbative effects. Recently there is a considerable progress in understanding of this field, because in the simplest model (N=2 supersymmetric Yang-Mills theory with SU(2) gauge group) Seiberg and Witten [1] managed to find a sum of all instanton corrections in the constant field limit.
It appears, that the supersymmetry considerably simplifies the investigation of nonperturbative dynamics because of the nonrenormalization theorems. Moreover, the indirect experimental data [2, 3] confirm the existence of N=1 supersymmetry in the standard model. That is why the supersymmetric case is the most interesting for physical applications. In this paper we argue, that the confinement is a consequence of supersymmetry and can take place only in supersymmetric theories. The explanation is different from the dual Higgs mechanism [4] , which is usually used for understanding of this phenomenon. It is based on the structure of exact (nonperturbative) superpotential and essentially uses the existence of auxiliary field D in supersymmetric theories.
The great difference between QCD and Grand Unification scales (so called gauge hierarchy problem) can be considered as an implication, that the instanton effects also play an important role in understanding of the confinement. The matter is that 2 quite different scales naturally arise in instanton calculations [5] , their ratio being proportional to exp(−8π
2 /e 2 ). However, various forms of exact superpotential [6, 7, 8] do not lead to the confinement. Moreover, the approach, based on the consideration of composite fields as new degrees of freedom [7, 9, 10] , suffers from some serious problems [11] . for example, it seems more natural, that the effective action should depend on the original fields. This approach was developed in [11] . The holomorphic part of the superpotential was found to coincide with the Seiberg-Witten solution, but depended on a different argument, which could be obtained in the frames of perturbation theory.
In the present paper we consider SU(3)-sector of Minimal Supersymmetric Standard Model (MSSM) and investigate physical consequences of this theoretical construction. We argue, that it naturally leads to the quark confinement.
The paper is organized as follows:
In Section 2 we remind the structure of exact superpotential for SU(3) sector of MSSM, which is a sum of a perturbative result and instanton contributions. In particular, it depends on the gauge and auxiliary fields in a very specific way. Then, in Section 3, we explain how this dependence naturally leads to the quark confinement. It is shown, that there are 2 different phases in the theory: the confining phase at distances, larger than the critical one, and the usual one at small distances. In this section we also obtain the interquark potential. The scale of confinement is calculated and compared with the experimental data in Section 4. The results are briefly discussed in the Conclusion.
and z = a 
Therefore, the investigation of instanton contributions is reduced to the investigation of perturbative corrections to the effective action.
The one-loop β-function of the considered model is given by
where
are contributions of gluons (with ghosts), gluino, quarks and squarks respectively.
In the MSSM gluino, quarks and squarks are massive. We will denote their masses as m λ , m q and m sq respectively. Therefore, the corresponding one-loop contributions in the low-energy limit will be proportional to ln(M/m), where M is an UV-cutoff. It is convenient to chose M equal to the Grand Unification scale.
The SU(3) group is not broken, so that the corresponding gauge bosons remain massless. That is why IR-effects are very important in this case. Note, that we are interested in the effective action, which can be found, for example, in the constant field limit. Nevertheless, there is no need to perform the calculation, because the supersymmetry allows to guess the form of the result [12] .
Really, performing the calculations in the constant field limit we should obtain a function of F µν . However, the only chiral superfield, which includes it and does not contain anticommuting fields in the lowest component, is
(The index a goes over the generators of a gauge group.) The lowest component of this superfield has the following form:
Thus, the superfield B is a natural infrared cutoff. Taking into account dimensional arguments, we find, that the one-loop contributions of gauge bosons should be proportional to
Therefore, using (5) and omitting a constant factor, the parameter z can be written as 
where we introduced a notation
Below we will see, that Λ c is a typical scale of confinement. Of course, the expressions (9) and (10) are rather formal, because all masses of quarks and squarks are different. Strictly speaking, one should perform a substitution
but (9) is simpler and more convenient for the further discussion.
Mechanism of confinement
Note, that the auxiliary field D is a real quantum field. This field should be eliminated by the equations of motion. In the considered low energy limit all squarks wave functions should be substituted by their vacuum expectation values, which are equal to 0, because the SU(3) gauge group is unbroken. Therefore, the motion equation for D should be found from the action
Note, that in this expression the auxiliary field D is present only in the combination
due to the supersymmetry and equation (7). Performing the integration over the anticommuting variable, it is easy to see, that the bosonic part of the Lagrangian can be written as
where f (b) ≡ τ (z −1/4 (b)). A value of the auxiliary field D should minimize this expression. Because in the absence of the magnetic fieldF µν F µν = 0, the parameter b can be considered to be real.
A plot of the function Im bf (b) is presented at the 
If this term is absent, the effective charge becomes infinite, that, in turn, leads to the infinitely strong interaction. However, it is necessary to take into account the chromomagnetic field, produced by quarks. In the simplest static case it is
If the magnetic field is absent
Therefore, for sufficiently small r the second term is larger than b 0 and it is impossible to reach the minimum of Im bf (b) by any choice of a real auxiliary field D. From the plot, presented at the Fig.1 , we see, that this function is monotonically growing. Therefore, in this case its smallest possible value corresponds to the smallest value of b, that, in turn, corresponds to D = 0. Of course, now b = b 0 and τ (b) = 0; the gauge field has a kinetic term and the theory behaves as the usual quantum chromodynamics. So, we conclude, that there are two completely different phases in the theory: In the first one, corresponding to b 0 > ( E a ) 4 , the value of auxiliary field D is not equal to 0, the kinetic term for the gauge field is absent and the color charges are confined. In the other b 0 < ( E a ) 4 , D = 0 and the theory can be described by usual methods. The point of "phase transition" r c corresponds to
From (9) and (15) we conclude, that
and, therefore, Λ c is really a typical scale of confinement. However, the proposed mechanism does not lead to the linear interquark potential. Really, for r > r c the potential is infinitely large, while for r < r c it satisfies the equation
so that
This potential is plotted at the 
Confinement scale
The value of the coupling constant at the Grand Unification scale is approximately equal to e 2 = 1/2 [14] . Therefore, using (10) we find, that the confinement scale can be written as
Unfortunately, we do not know the masses of superpartners. Moreover, in the expression for the parameter z we omit a constant factor, which can be sufficiently large (although in Λ c this factor comes in 1/11 power and, therefore, it seems, that the corresponding contribution is approximately equal to 1).
However, a very rough estimate can be made. Assuming all masses equal to 10 -100 GeV (M = 2 × 10 16 GeV), we obtain, that
that is in a good agreement with the experimental data.
5 Conclusion.
In the present paper we propose a mechanism of confinement, quite different from the dual Higgs mechanism [4] , which is usually used for understanding of this phenomenon. The confinement seems to be a natural consequence of the supersymmetry and instanton effects. The corresponding scale, calculated from the first principles, is in a good agreement with the experimental data (taking into account an uncertainty in masses of superpartners). However, the presented mechanism does not lead to the linearly growing interquark potential. Instead of it there are 2 completely different phases. In the first one (at distances, larger than the critical value r c ) the kinetic term for the gauge field is absent and the potential is infinitely large, while in the second one the theory behaves in a usual way.
Of course, the presented mechanism of confinement is not reduced to this potential -it appears, that color states are absent at the large distances, that is actually observed in the Nature. Moreover, we obtain confinement of electric (instead of magnetic) charges and do not need to use duality.
However, to check the proposed ideas it is necessary to investigate predictions for the hardron spectrum and to construct the effective Lagrangian, describing the scattering of mesons and barions, comparing the results with the experiment.
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